ABSTRACT. We propose hybrid molecular systems containing small carbon atomic chains interconnected by graphene-like flakes, theoretically predicted as true energy minima, as low-dimensional structures that may be useful in electronic devices at the limit of the atomic miniaturization. The effects of an external electric field applied along the direction of the carbon chains indicate that it is possible to control energy gap and spinpolarization with sufficiently high strength, within the limit of the structural restoring of the systems. In this sense, by applying electric fields with magnitudes in the 1-5 V/nm range, we obtain semiconductor-to-metallic transitions for all odd-numbered carbonchain systems proposed here. Furthermore, high-spin-to-low-spin transitions are determined for these systems as a function of the electric field magnitude. In the case of the even-numbered carbon-chain systems, the overall electric field effect is pushing electron density near the Fermi level, leading to a gapless or metallic regime at 3.0 V/nm.
INTRODUCTION
The response of low-dimensional electron systems to an external electric field (EF) plays an underlying role for the development of efficient nanoelectronic devices. [1] [2] [3] In this context, molecular rectifiers have long been the 'holy grail' of molecular electronics. [4] [5] [6] For example, Capozzy et al. 7 have recently demonstrated that it is possible to obtain single-molecule diodes with high rectification ratios by means of environmental control.
Indeed, they induce current rectification in symmetric single-molecule junctions between two gold electrodes breaking the symmetry with an ionic solution. Other interesting issue regarding low-dimensional electron systems is the application of an external EF to generate and control spin-polarization as well as single electron spin. [8] [9] [10] In this case, spin states may be manipulated at low dimensions to yield recoverable spin-based quantum information 11 controlled by an external EF.
Taking into account the electrical response of a nanostructured system, a perfect candidate to be monolithically integrated in a nanocircuit might gather tunable electronic properties, size-scalability, beyond structural stability and robustness against external electric fields. [12] [13] [14] [15] At the atomic level, a one-dimensional (1D) nanowire device represents the ultimate limit in nanoelectronics. 6, 16 Hence, by considering distinct stable atomic chains, [18] [19] [20] [21] [22] [23] [24] one may attain small and robust circuit elements integrated with other electronic components. 25, 26 In this direction, 1D carbon chains may play a central role in miniaturization of electronic devices. 27, 28 Several theoretical studies have pointed out that the electrical response of sp-hybridized carbon chains may exhibit high conductivity, depending on both number and parity of carbon atoms in the string. [29] [30] [31] [32] Experimentally, 33 however, the conductance of 1D carbon chains appears to be an order of magnitude lower than theoretical predictions.
Such studies have also indicated that chains containing an even number of carbon atoms have higher conductivity, whereas those containing an odd number of carbon atoms possess a lower resistance. 29 Yet, the electronic properties of carbon atomic chains strongly depend on the string length, nature of terminal junctions, and relative orientation of the terminal groups interconnecting the chain. 34 Thus, metallic or semiconducting channels made of 1D carbon chains can be achieved by controlling several types of variables in the low-dimensional devices. It is usually possible breaking the electrical symmetry by changing the chemical nature of one of the two terminations or by applying an external EF parallel to the chains. This latter option is of our interest here because of important physical reasons 35 that we will discuss in the following.
In this paper, we consider low-dimensional systems containing carbon-atom chains and investigate how finite external electric fields parallel to the chains (in the limit of restoring structural changes) 36 may control the density of electron states near the Fermi level and spin states as well. Our study is based on density functional theory (DFT) computational simulations 37, 38 and the proposed molecular devices are obtained as structurally stable systems. Based on the electronic behavior of other carbon-atomic-wire systems, 22, 23 we have selected chains containing an even/odd number of carbon atoms.
Furthermore, for systems interconnected by a single carbon chain, we have analyzed the EF effects on sulfur-containing terminations (substituting H by S atoms at the direction of the carbon chain), since sulfur is known as an important contact for gold electrodes 39 and easily binds to polycyclic aromatic hydrocarbon. 40 For this reason, we have also considered the EF effects on single carbon atomic chains between terminations containing S-Au bonds.
COMPUTATIONAL METHODS
Our proposed molecular devices consist of two-dimensional graphene-flakes (ovalene molecules) interconnected by one, two, and three linear carbon chains, containing five and six carbon atoms. Additionally, we have considered single-chain systems doped with sulfur atoms in the extremities, and with S-Au bonds, as displayed in Figure 1 . These structures have been firstly fully-optimized with the B3LYP hybrid functional combined with the 6-31G(d,p) basis set for H, C, and S atoms, and with LANL2 ECP/basis set for Au atoms, as implemented in the Gaussian 03 program. 37 The B3LYP/6-31G(d,p) level of theory has been successfully employed to addressing structural and electronic properties of similar systems, 22, 23, 41 and has been found as the best compromise between computational cost for larger systems and accuracy. Furthermore, vibrational frequency calculations, within the harmonic approximation, were carried out for all these systems.
All vibrational spectra indicate that they converge to true energy minima. The lowest calculated frequency for each system is reported in Table S1 in the Supporting Information.
To investigate the effects of sufficiently high 36 external EF on these systems, we have employed the SIESTA program. 38 In this case, we perform DFT calculations in the presence of a finite EF by solving the standard Kohn-Sham (KS) equations, with normconserving pseudopotentials and double-ζ basis sets including polarization functions, at the Γ point of the Brillouin zone. For the exchange-correlation potential, the generalized gradient approximation given by Perdew-Burke-Ernzerhof has been employed. This procedure has been proven to be successful in predicting magnetic states in graphene quantum dots, 42 as well as for electron transport through graphene-carbon-chain junctions, 43 in the presence of uniform electric fields. During the process of geometry . A torsional angle between the two ovalene molecules of 83.7° is found for the single-chain 5-CAC system (a), whereas for the singlechain 6-CAC system (b) the two ovalene molecules are in the same plane. For the case of the triple 5-chain system (e), a pentagonal reconstruction is found in one side of the contacts to the ovalene molecule.
RESULTS AND DISCUSSION
Our simulations predict that it is possible tuning a semiconductor-to-metal transition, as well as a spin-polarization in the systems proposed in Figure 1 , by setting an appropriate magnitude for the external EF. We display the calculated spin-polarized partial density of states (PDOS) in Figure S1 for the optimized graphene-like flakes interconnecting one, two, and three atomic chains containing five carbon atoms (5-CAC), in the 1-5 V/nm range. Figure 2 summarizes the HOMO-LUMO energy gap as a function of the magnitude of the applied EF. As seen, in the absence of an external EF, all these systems are gaped, exhibiting an insulator-semiconducting character, in agreement with the electronic structure of polyynes. 32 By turning on the EF magnitude to 1.0 V/nm, we find a semiconductor-to-metal transition for the systems that contain one and three 5-CAC, while for the system containing two parallel 5-CAC the energy gap is only reduced by a small amount. Notwithstanding, as we will discuss in the following, the spin-polarization of 5-CAC systems is significantly altered in the presence of an EF. Overall, for field magnitudes in the range of 2-3 V/nm, all these three systems achieve a metallic character.
Interestingly, at 4-6 V/nm the single-chain system is again insulating, while double-and triple-chain systems continue to be metallic. Figure S1 ).
It is well known that the electrical conduction of single chains can exhibit a type of oscillatory pattern as a function of the number of carbon atom, 29, 44 as a result of the interaction with the contact. Here, we show that in the case of a single 5-CAC system the density of electron states may oscillate between insulating and metallic regimes, depending on the strength of the applied EF (see also Figure S1 ). In this case, the EF effect is inducing electron density from the contact to the chain, giving rise to an alternate polyyne-cumulene-polyyne pattern in the electronic structure of the chain. As displayed in However, for double and triple 5-CAC systems, which have more than one conductive channel, the overall effect of the external EF is moving electron density to the parallel chains, producing a semiconducting-to-metallic behavior and keeping the systems with a metallic character for higher fields. It is important to mention that in the case of the double-chain system an energy gap persists even under an electric field of 1.0 V/nm, before reaching the transition to a metallic system.
The calculated trend of the spin-polarization of the 5-CAC systems as a function of the EF magnitude is displayed in Figure 3 . The spin multiplicity of the low-lying energy ground states of these systems is obtained in the absence/presence of an external EF by optimizing the geometries in each situation with the PBE scheme (see additional information in Figure S1 ). This means that the electron density is also completely relaxed in the presence of EF. At this level of calculation, in the absence of EF, the relaxed structure of the double 5-CAC system converges to 4 µB (i.e., it is a spin-quintet state), whereas the relaxed structures of single and triple 5-CAC converge to 2 µB (i.e., it is a spin-triplet state). In Figure 4 , we display the spin density difference between spin-up and spin-down for the single and double 5-CAC systems. Indeed, determining spin states is very sensitive to the choice of the exchange-correlation functional; 45 however, this dependence on spin does not disable the EF effect on the multiplicity of the system.
Furthermore, high-spin systems can be experimentally prepared and are of great interest towards molecular magnets, and their possible applications as building blocks for materials exhibiting magnetic ordering, 46 as well as in spin filtering 47, 48 and spintronic applications.
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Figure 3. Spin-polarization in terms of the difference between spin-up and spin-down of the 5-CAC systems as a function of the magnitude of the external EF applied parallel to the chains (see Figure S1 ). In addition to tuning the energy gap of the 5-CAC systems, other important EF effect noticed here is to control their spin states. Clearly, these results may be of interest to read and store quantum information by spin transfer from spin-polarized currents, with the use of an EF.
As an example, we analyze more deeply the double-chain system, which is gapped at an EF with magnitude of 1.0 V/nm with a spin-singlet state (see Figure 1c and Figure 3) . By increasing the field strength to 2.0 V/nm, this system becomes gapless and continues to be a spin-singlet. However, by increasing the strength to 3.0 V/nm the system becomes metallic and achieves a high-spin state. Finally, at 5.0 V/nm, the doublechain system converges to a spin-triplet state. In this sense, we show that tuning an appropriate EF is useful to manipulate spin states, even for systems exhibiting a very weak spin-orbit coupling, such as carbon-based structures. 50, 51 In Figure S2 , we display the calculated spin-polarized PDOS for the optimized graphene-like flakes interconnecting one, two, and three atomic chains containing six carbon atoms (6-CAC), in the 1-5 V/nm range. For these cases, a semiconductor-to-metal transition is only noticed for single and double 6-CAC systems. The present results show that a triple 6-CAC system does not exhibit a metallic character under electric fields with magnitude as high as 5.0 V/nm, although the energy gap of this system can be considerably reduced in the presence of an external EF. This behavior may be attributable to the geometric distortion of the two outermost chains without defects formation (see Figure 1f and Figure S2c ) of the triple 6-CAC system, originating a hindrance to the charge motion through the chains during the application of the EF. We will discuss this issue with more details in the following.
Differently from the three 5-CAC systems, the ground states obtained for the relaxed 6-CAC corresponding systems converge to low-spin states; i.e., all of them are singlet-spin states in the absence of an external EF. Moreover, their HOMO-LUMO energy gaps are a little higher than the corresponding values of the 5-CAC systems. We report the energy gap as a function of the EF magnitude the 6-CAC systems in Figure 5 .
The main effect of turning on an external EF in these molecular devices is reducing their energy gaps, but conserving their singlet-spin states. From 1.0 V/nm up to 5.0 V/nm, the EF is not able to generate a spin-polarization in these systems. For example, at 1.0 V/nm, the energy gap of the single 6-CAC system is reduced from 1.01 eV (at zero field) to 0.62 eV, keeping its total spin as zero. By increasing the EF magnitude to 2.0 V/nm, the energy gap reduces to 0.28 eV and, at 3.0 V/nm, the system becomes gapless or narrow-gapped, still conserving the spin-singlet state. A very similar behavior is also observed for the double 6-CAC system, which also achieves a metallic character for an EF magnitude starting from 3.0 V/nm, blocking the spin-polarization for electrons passing through these chains.
It is particularly interesting to detail here the electrical response of the triple 6-CAC system, which continues to be gapped for electric fields with magnitude up to 5.0 V/nm. At zero field, this system exhibits an energy gap of 0.66 eV, which is reduced to 0.56 at 1.0 V/nm and to 0.43 eV at 2.0 V/nm, achieving a smaller value of 0.34 eV at 4.0 V/nm and 5.0 V/nm. As displayed in Figure 1f , the two outermost chains of this system undergo a curvature, whereas the central chain remains linear, after full geometry optimization of this system, resulting in a totally symmetric structure. This spatial distortion is a consequence of the electric repulsion between the central chain and its neighbors and leads to a perturbation in the π-electron delocalization. In the case of the triple 5-CAC system, there is also a curvature in the chains, but exhibiting a pentagonal reconstruction in one of the graphene-like terminations upon geometry optimization. This defect, which is typical in graphene constriction with short carbon chains, 52 breaks both the structural and electrical symmetry of the system. For this reason, on the contrary to the triple 6-CAC system case, its related 5-CAC system undergoes more easily a semiconductor-to-metal transition tuned by an EF. Figure S2 ).
In many electronic applications involving carbon-based low-dimensional devices, such as those proposed here, the interaction with metallic electrodes becomes extremely important, since the leads can also control the electronic properties of the system. Usually a sulfur-gold interface 53 is preferable at the atomic level because of the chemical affinity of these elements and conductivity increase [54] [55] [56] [57] in the systems. To verify the electrical response of these single 5-CAC and 6-CAC systems as potential candidates in singlemolecule junctions with gold electrodes, we first consider single-chain systems doped with sulfur; i.e, substituting H/S in the graphene-like flakes (ovalene molecules) along the direction of the chains (see Figure 1g , Figure 1h , and Figure 6 ). As seen, the H/S substitution leads the electronic ground states of both systems to singlet-spin states in the absence of an external EF. Furthermore, as expected, it reduces the HOMO-LUMO energy gap of these systems, as compared to the corresponding undoped structures (see Figures S1 and S2 ). At zero field, the pristine single 5-CAC system exhibits an energy gap of 0.61 eV in its spin-triplet state, whereas the corresponding S-doped system exhibits an energy gap of 0.47 eV in its spin-singlet state. For the single 6-CAC system, the S-doping effect is reducing the energy gap from 1.01 eV of the undoped system to zero, but conserving the spin-singlet state. By turning on the EF magnitude for 1.0 V/nm on these two systems (S-Ø-C5-Ø-S and S-Ø-C6-Ø-S), we notice that they exhibit metallic character, with density of states crossing the Fermi level, as displayed in Figure 6 . The KS-orbitals that The EF effects on these two S-doped single-chain systems are summarized in Table 1 . Second, we have considered S-doped n-CAC systems (n =5,6) covalently bound to gold atoms as displayed in Figure 7 (see also Figure 1i and Figure 1j ). Indeed, this does not mimic the effects of the metallic leads in the system, but it gives a preliminary indication of how orbitals belonging to the Au atoms can affect the electrical response of the systems (see Table 1 ). For example, when the S-doped single 5-CAC system is bound to Au atoms in its extremities, resulting in Au-S-Ø-C5-Ø-S-Au, the HOMO-LUMO energy gap is reduced to 0.24 eV and converges to a spin-triplet state. Hence, turning on an external EF with magnitude 1.0 V/nm leads this system to a metallic regime, exhibiting a spin excess of 1.48 µB. Interestingly, at 2.0 V/nm, we find a triplet-singlet transition in this system, keeping its spin-singlet state up to 3.0 V/nm, although an energy gap is opened with 0.20 eV. At 4.0 V/nm, this system achieves again its metallic character, but inverting its spin-polarization with a spin excess of -0.20 µB. For magnitude of electric field higher than 4.0 V/nm a convergence of the electronic structure is difficult to be obtained for this system. In the case of Au-S-Ø-C6-Ø-S-Au, the system exhibits an energy gap of 0.59 eV at zero field in its spin-singlet state. Starting from electric field with magnitude higher than 1.0 V/nm, this system becomes metallic, but keeps its spinsinglet state (see Table 1 ). Other important effect of the external EF is controlling the spin-polarization of the systems interconnecting odd-numbered carbon atomic chains, even for systems experiencing a mild spin-orbit coupling. In the case of the 5-CAC systems, the EF is able to produce high-spin-to-low-spin or vice-versa transitions. In the case of the single 5-CAC system, a triplet-singlet transition occurs for an EF magnitude higher than 1.0 V/nm.
Yet, for the double 5-CAC system, it is found a quintet-singlet transition at 1-2 V/nm and a singlet-quintet transition at 3.0 V/nm. For the triple 5-CAC system, a triplet-singlet transition occurs at 2.0 V/nm with spin-polarization inversion at 3.0 V/nm. Such effects
were not noticed for the 6-CAC systems, by considering the same range of EF applied to the chains. For these three cases, the spin state of the system continues to be a singlet and the applied electric fields are not able to generate a spin-polarization. This robustness can be modified, however, by doping the graphene-like terminations. This material is available free of charge via the Internet at http://pubs.acs.org.
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